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Abstract 

The  invention  of  the  cardiac  pacemaker  thirty-nine  years  ago  marked  the  beginning  of  the  era  of  the  treatment  of  health  disorders  by  battery 
powered  implantable  devices.  Since  that  time  several  different  battery-powered  implantable  devices  have  been  developed  and  are  in  use. 
Batteries  play  an  important  role  in  external  medical  devices  as  well,  ranging  from  surgical  tools  to  motorized  wheel  chairs.  As  both  battery 
technology  and  device  development  progress,  the  use  of  batteries  in  the  treatment  of  disease  will  continue  to  be  an  important  feature  of  medical 
care. 
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1.  Introduction 

April  1 997  marks  the  39th  anniversary  of  the  implantation 
of  the  first  experimental  cardiac  pacemaker  in  an  animal. 
These  tests  proved  successful,  and  the  implantation  of  cardiac 
pacemakers  in  human  beings  became  reasonably  common  in 
the  1960s.  The  technology  progressed,  and  the  number  of 
pacemakers  implanted  annually  exceeds  450  000  today.  This 
development  has  led  to  the  invention  of  other  battery  powered 
devices.  Implantable  defibrillators  save  thousands  of  lives 
annually.  Drug  delivery  systems  provide  the  carefully  con¬ 
trolled  administration  of  medication  inside  the  patient.  Neu¬ 
rostimulators  which  relieve  severe  pain  and  treat  conditions 
such  as  epilepsy  are  in  routine  use.  Left  ventricular  assist 
devices  provide  a  life-saving  ‘bridge'  for  patients  awaiting 
heart  transplants. 

In  addition  to  these  internal  devices,  batteries  have  long 
played  an  important  role  in  powering  external  medical 
devices.  Portable  external  defibrillators  powered  by  recharge¬ 
able  batteries  are  present  in  most  emergency  response  vehi¬ 
cles.  Hoi  ter  devices  for  cardiac  monitoring  rely  on  batteries 
for  energy.  Ambulatory  external  drug  delivery  systems  are 
powered  by  batteries.  Motorized  wheel  chairs,  increasingly 
common,  rely  on  secondary  batteries  for  their  power.  Surgical 
tools  without  cords  enable  surgeons  to  operate  with  less 
inconvenience.  The  list  goes  on  and  on. 

The  development  of  the  devices  mentioned  above  has  been 
made  possible  in  part  by  the  advances  in  battery  technology 
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in  the  last  40  years.  We  have  seen  the  evolution  of  implantable 
biomedical  devices  proceed  as  the  development  of  advanced 
primary  lithium  batteries  has  evolved.  The  advances  currently 
under  way  in  the  field  of  secondary  batteries  provide  the 
promise  of  lighter,  smaller,  and  longer  lasting  power  sources 
for  external  medical  devices.  Specialty  batteries  using  unique 
materials  will  allow  the  development  of  medical  devices  for 
demanding  environments  such  as  the  magnetic  resonance 
treatment  arena. 

Power  sources  for  medical  devices  share  many  important 
features.  Size  and  weight  are  always  important  considera¬ 
tions,  particularly  for  implantable  devices.  Longevity  is  a 
crucial  factor.  Most  important  of  all,  however,  is  the  require¬ 
ment  for  the  highest  standards  of  quality  and  reliability.  Life¬ 
saving  devices  simply  must  work  right,  and  the  battery  is  a 
crucial  component  in  ensuring  reliable  performance.  Methods 
of  assessing  quality  and  reliability  of  medical  batteries  have 
been  developed  and  are  used  to  ensure  that  power  sources 
meet  the  requirements. 

The  following  sections  of  this  paper  will  discuss  the  history 
of  devices  using  medical  batteries  and  will  provide  a  look  at 
the  future.  The  use  of  batteries  to  treat  human  health  problems 
has  a  proud  heritage  and  a  bright  future,  and  continued  pro¬ 
gress  in  this  field  is  anticipated. 

2.  The  cardiac  pacemaker 

The  first  successful  cardiac  pacemaker,  developed  by 
Greatbatch  and  Chardack  between  1958  and  1 960,  used  zinc/ 
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mercuric  oxide  batteries  as  the  power  source  [  1  ] .  Early  pace¬ 
makers  used  as  many  as  ten  of  these  batteries  in  a  series/ 
parallel  combination.  This  cell,  invented  by  Ruben  [21 ,  was 
used  in  most  pacemakers  during  the  first  10  years  of  the  use 
of  such  devices.  While  this  system  helped  make  possible  the 
development  of  the  pacemaker,  significant  drawbacks  were 
present. 

The  cell  generated  hydrogen  gas  as  a  by-product  of  the  cell 
reaction,  and  this  prevented  hermetic  sealing  of  the  pace¬ 
maker.  The  cell  showed  significant  self-discharge  at  body 
temperature.  The  end  of  cell  longevity  was  rather  abrupt,  with 
little  or  no  indication  that  cell  depletion  was  imminent. 

Whereas  later  versions  of  the  cell,  made  by  scientists  in 
companies  such  as  Leclanche,  Mallory,  and  General  Electric 
showed  some  improvement  in  longevity  and  self-discharge 
[  3  ] ,  the  battery  remained  the  significant  contributor  to  pace¬ 
maker  failure,  and  alternate  power  sources  were  sought. 

A  rechargeable  pacemaker  was  developed  in  the  1970s, 
using  a  specially  designed  nickel /cadmium  battery  [4] .  The 
cell  was  recharged  through  the  skin  by  an  alternating  field. 
This  pacemaker  system  was  a  technical  success  (some  few 
remain  implanted  today ! ) ,  but  patient  compliance  was  a  prob¬ 
lem  and  subsequent  success  in  developing  primary  batteries 
rendered  the  system  unattractive  in  the  marketplace. 

Nuclear  batteries  were  developed  for  pacemakers.  These 
cells  used  plutonium  to  generate  heat,  which  was  converted 
into  electrical  energy  by  thermopiles  [5] .  Again,  this  system 
was  reliable  and  successful,  but  the  regulatory  burden  asso¬ 
ciated  with  tracking  patients  implanted  with  these  devices  led 
to  their  demise  in  the  marketplace. 

The  first  real  progress  in  achieving  a  truly  long-lived  pace¬ 
maker  which  was  generally  acceptable  to  the  marketplace 
came  with  the  development  and  commercialization  of  lithium 
primary  batteries  in  the  late  1960s  and  early  1970s.  Lithium 
metal,  which  offers  3.86  ampere  hours  of  capacity  per  gram, 
made  possible  the  development  of  pacemakers  with  years  of 
longevity  which  could  be  hermetically  sealed  and  whose 
approach  to  cell  depletion  could  be  easily  detected  by  the 
circuitry  of  the  device. 

The  first  lithium  battery  to  be  used  in  a  cardiac  pacemaker 
was  the  lithium/iodine-polyvinylpyridine  (PVP)  system, 
invented  by  Schneider  and  Moser  [6,7]  and  improved  by 
Greatbatch,  Mead  and  Rudolph  [8].  The  first  such  battery 
was  implanted  in  Italy  in  1972  [9].  Several  other  lithium- 
based  systems  saw  significant  use  in  pacemakers,  notably  the 
lithium/ silver  chromate  system  [  10] ,  the  lithium /cupric  sul¬ 
fide  system  [11],  and  the  lithium /thionyl  chloride  system 
[12]. 

Gradually  the  other  systems  gave  way  to  the  lithium/ 
iodine-PVP  system,  and  today  virtually  all  cardiac  pacemak¬ 
ers  use  this  system.  This  system  solved  several  problems 
inherent  in  the  earlier  zinc /mercuric  oxide  battery.  There  is 
no  gas  generation,  so  the  cell  and  the  pacemaker  can  be 
hermetically  sealed.  The  energy  density  approaches  1.0  Wh 
cm  3,  providing  the  possibility  of  greater  longevity  in  a  much 
smaller  package,  and  the  self-forming,  self-healing  electro¬ 


lyte/separator  (the  lithium  iodide  formed  during  the  cell 
reaction)  provides  inherent  reliability.  Over  three  million 
pacemakers  using  this  system  have  been  implanted  in  the  last 
25  years,  and  the  system  has  shown  an  excellent  record  of 
reliability  and  safety  [  13] . 

There  are  two  features  of  the  lithium/ iodine  system  which 
have  motivated  the  consideration  of  alternative  chemical  sys¬ 
tems  for  the  pacemakers  of  the  future.  Because  the  system 
contains  a  solid  electrolyte  which  grows  thicker  as  the  cell  is 
discharged,  the  resistance  of  the  cell  is  rather  high  and 
increases  with  discharge.  This  results  in  a  voltage  drop  under 
load  which  increases  as  the  cell  is  depleted  and  results  in 
current-delivery  limitations  near  end  of  service.  Whereas  the 
cell  shows  excellent  volumetric  energy  density,  the  gravi¬ 
metric  energy  density  is  not  as  advantageous,  since  iodine 
itself  is  rather  dense  and  the  cell  is  encased  in  a  stainless  steel 
case. 

It  has  been  proposed  that  using  a  solid  cathode,  liquid 
electrolyte  system  could  help  to  alleviate  these  drawbacks. 
The  lithium /carbon  monofluoride  system  has  been  proposed 
for  future  pacemakers.  This  system  can  be  encased  in  a  tita¬ 
nium  enclosure,  resulting  in  a  cell  which  retains  the  volu¬ 
metric  energy  density  of  the  lithium /iodine-PVP  system 
while  doubling  the  gravimetric  energy  density.  The  resistance 
of  the  cell  remains  well  under  50  ohms  throughout  discharge, 
unlike  the  lithium/iodine-PVP  system  which  exhibits  a  resis¬ 
tance  of  thousands  of  ohms  in  the  final  stage  of  discharge. 
These  solid  cathode  liquid  electrolyte  systems,  including  lith¬ 
ium/carbon  monofluoride  and  lithium /manganese  dioxide, 
are  likely  to  see  service  in  pacemakers  of  the  future  [  14] . 

3.  The  implantable  cardioverter/defibrillator 

The  implantable  defibrillator  was  developed  by  Morowski 
et  al.  in  the  1970s  [  15] .  Morowski  believed  that  ventricular 
fibrillation,  a  major  cause  of  death,  could  be  treated  by  an 
implantable  device  which  could  detect  the  onset  of  the  con¬ 
dition  and  provide  a  shock  to  the  heart,  stopping  the  fibrilla¬ 
tion  and  restoring  normal  cardiac  rhythm.  It  had  long  been 
recognized  that  an  electrical  shock  could  reverse  ventricular 
fibrillation,  and  external  defibrillators,  which  provided  the 
shock  through  the  skin  and  muscles  of  the  patient,  were  in 
common  use  in  the  1970s.  It  remained  to  develop  an  implant¬ 
able  device  which  could  provide  the  same  therapy  directly  to 
the  heart.  By  1980  a  working  model  was  implanted  in  a 
human. 

This  device  places  a  challenging  demand  on  the  battery. 
The  power  source  must  operate  efficiently  at  the  low  current 
drains  necessary  to  power  the  monitoring  circuitry  and,  when 
ventricular  fibrillation  is  sensed,  must  provide  a  very  high 
energy  pulse  (up  to  35  joules)  to  charge  the  capacitors  and 
provide  the  shock  to  the  heart. 

The  first  power  source  used  in  this  application  was  a  lith¬ 
ium/vanadium  pentoxide  cell  developed  by  Horning  and  Vis- 
wanathan  at  the  Honeywell  Corporation  [16].  Early  units 
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powered  by  this  device  showed  somewhat  shorter  longevities 
than  needed,  and  this  source  was  soon  replaced  by  batteries 
using  a  cathode  material  known  as  silver  vanadium  oxide, 
based  on  original  technology  developed  by  Liang  et  al.  at 
Wilson  Greatbatch  Ltd.  [  1 7, 1 8]  and  adapted  for  the  implant¬ 
able  defibrillator  application  by  Keister  et  al.  [19].  Cell 
development  has  also  been  reported  by  Crespi  et  al.  [20]. 
The  lithium/silver  vanadium  oxide  energy  source  has  been 
used  in  over  75  000  implantable  defibrillators  and  has  proven 
to  be  an  effective  battery  for  this  application  [21,22] . 

More  modern  versions  of  the  implantable  defibrillator  pro¬ 
vide  bradycardia  pacing,  advanced  monitoring,  and  ‘tiered 
therapy',  which  attempts  to  pace  the  patient  out  of  tachycar¬ 
dia,  resorting  to  the  high  energy  shock  only  if  these  lower 
energy  treatments  fail  to  reverse  the  tachycardia. 

Recent  advances  in  both  battery  design  and  capacitor  tech¬ 
nology  have  produced  implantable  defibrillators  which  are 
much  smaller  and  lighter  than  the  original  large  ‘shock  boxes' 
in  use  in  the  mid-1980s.  Today's  units  can  record  diagnostic 
clinical  data  for  telemetering  to  the  physician.  The  develop¬ 
ment  of  the  transvenous  lead  has  eliminated  the  need  for  a 
thoracotomy  to  attach  the  lead  to  the  heart.  Recent  clinical 
studies  have  established  the  effectiveness  of  the  device  in 
prevention  of  sudden  cardiac  death,  providing  an  additional 
tool  for  the  physician  to  treat  serious  arrhythmia. 


4.  Implantable  neurostimulators 

Some  types  of  chronic  intractable  pain  can  be  effectively 
managed  by  electrical  stimulation  of  the  spinal  cord  [23], 
Implantable  neurostimulators  have  been  used  for  several 
years  for  this  purpose.  More  advanced  models  of  these 
devices,  which  operate  electrically  much  like  cardiac  pace¬ 
makers,  permit  the  patient  to  control  the  level  of  stimulation 
in  response  to  the  level  of  pain  involved. 

Recent  studies  have  shown  that  direct  stimulation  of  the 
brain  may  be  effective  in  controlling  the  tremors  associated 
with  Parkinson’s  disease  [24].  This  application  of  stimula¬ 
tion  is  in  use  in  Europe  today  and  is  under  evaluation  in  the 
United  States. 

A  unique  application  of  neurostimulation  has  been  devel¬ 
oped  to  treat  epilepsy.  A  multi- programmable  implantable 
pulse  generator  delivers  electrical  signals  to  the  left  vagus 
nerve  via  bipolar  electrodes.  These  electrical  signals  have 
been  shown  in  clinical  trials  to  be  effective  in  reducing  the 
frequency  and  severity  of  epileptic  seizures  [25] . 

The  above-mentioned  devices  currently  are  powered  by 
lithium/thionyl  chloride  batteries,  which  can  provide  the 
milliampere-level  current  drains  necessary  for  effective  stim¬ 
ulation  [26] .  It  is  likely  that  the  future  will  see  the  use  of 
solid  cathode,  liquid  electrolyte  batteries  in  these  devices. 


5.  Implantable  drug  delivery  systems 

The  development  of  implantable  drug  delivery  systems 
began  in  the  1970s.  The  first  such  units  used  a  bellows  pump 
activated  by  liquefied  freon  [27].  The  device  provided  a 
constant  flow  of  a  drug  through  the  expansion  of  the  bellows. 
Upon  transcutaneous  refilling  of  the  device,  the  freon  was 
reliquefied,  the  bellows  was  contracted,  and  the  process  con¬ 
tinued.  There  v/ere  no  electronics  or  batteries  in  the  device, 
so  no  control  of  the  drug  administration  other  than  that  pro¬ 
vided  by  the  mechanical  pump  was  possible. 

It  was  recognized  that  more  sophisticated  devices  using 
electrically  powered  pumps  and  advanced  electronics  could 
provide  a  more  controlled  administration  of  drugs.  In  the  case 
of  insulin  delivery,  a  prime  candidate  for  the  use  of  this 
device,  a  programmable  unit  could  mimic  more  closely  the 
natural  administration  of  insulin,  providing  better  glucose 
control  and  the  possibility  of  reduced  side  effects  [28] . 

Such  pumps  are  now  in  various  stages  of  development  or 
production.  The  use  of  implantable  pumps  for  administration 
of  several  different  drugs  has  been  approved  by  the  US  Food 
and  Drug  Administration.  Among  the  conditions  treated  with 
this  therapy  today  are  cancer,  multiple  sclerosis,  cerebral 
palsy,  and  injuries  [  29] .  Thousands  of  such  pumps  have  been 
implanted. 

The  use  of  implantable  pumps  to  administer  insulin  is  still 
under  clinical  investigation  at  this  writing.  Over  one  thousand 
insulin  pumps  have  been  implanted  worldwide,  and  evalua¬ 
tion  and  optimization  continue  [30] . 

The  most  commonly  used  battery  system  for  these  devices 
is  the  lithium/thionyl  chloride  system.  This  system  offers  the 
ability  to  deliver  the  milliampere-level  current  drains  required 
by  the  device  and  the  higher  voltage  (3.65)  needed  by  the 
electronics.  This  system  has  proven  effective  in  this  appli¬ 
cation.  As  is  the  case  with  the  neurostimulators  mentioned 
above,  drug  pumps  of  the  future  may  utilize  solid  cathode, 
liquid  electrolyte  systems  such  as  lithium/manganese  dioxide 
or  lithium /carbon  monofluoride. 


6.  Implantable  atrial  defibrillators 

Atrial  fibrillation  is  an  arrhythmia  in  which  rapid,  irregular 
atrial  impulses  and  ineffective  atrial  contractions  occur.  The 
atria  can  quiver  at  a  very  high  rate,  and  cardiac  rhythm  and 
intensity  are  grossly  irregular.  Unlike  ventricular  fibrillation, 
which  is  always  fatal  in  the  absence  of  interventional  treat¬ 
ment,  this  condition  does  not  normally  result  in  patient  fatal¬ 
ity,  particularly  if  the  patient  has  good  ventricular  function. 
Because  all  the  blood  is  not  pumped  out  of  the  atrium,  blood 
can  pool  and  clot.  Thus  the  threat  of  stroke  is  greatly  increased 
in  patients  suffering  from  atrial  fibrillation. 

A  device  has  been  developed  which  treats  atrial  fibrillation 
by  electrical  stimulation  [31].  This  device,  which  resembles 
a  cardiac  pacemaker  in  appearance,  is  implanted  pectorally. 
The  detection  and  stimulating  leads  are  placed  transvenously 
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into  the  heart.  The  device  detects  the  onset  of  atrial  fibrilla¬ 
tion,  and,  after  careful  diagnosis  of  the  appropriate  electro- 
physiological  signals,  applies  electrical  pulses  to  the  heart. 
Units  are  currently  in  clinical  evaluation  [32] . 

Typically,  energy  levels  of  about  three  joules  or  less  are 
necessary  to  achieve  reversal  of  the  condition.  These  energy 
levels  are  adequately  provided  by  implantable  batteries  capa¬ 
ble  of  delivering  milliampere-level  pulses.  Solid  cathode, 
liquid  electrolyte  cells  such  as  the  lithium/ silver  vanadium 
oxide  system  are  used  in  these  devices. 

7.  Left  ventricular  assist  devices/total  artificial  hearts 

For  more  than  10  years  the  development  of  implantable 
left  ventricular  assist  devices  (LVAD)  and  totally  artificial 
hearts  (TAH)  has  been  under  way  [33].  These  devices  are 
now  beginning  to  see  clinical  use. 

The  left  ventricular  assist  device  is  designed  to  provide 
long-term  circulatory  support  to  patients  with  critical  heart 
disease  often  in  need  of  a  heart  transplant.  The  heart  of  the 
patient  remains  in  place,  and  the  device  takes  on  some  or  all 
of  the  pumping  action  normally  done  by  the  heart  itself. 

These  devices  are  often  used  as  a  temporary  treatment  for 
patients  awaiting  the  availability  of  a  replacement  human 
heart.  The  more  advanced  of  these  devices  permit  the  patient 
to  leave  the  hospital  and  return  to  some  semblance  of  a  normal 
life  during  the  waiting  period. 

In  addition  to  the  LYAD,  development  is  under  way  for  a 
totally  artificial  heart  which  will  replace  a  severely  diseased 
natural  heart.  This  device  will  also  be  totally  implanted  and 
will  also  act  primarily  as  a  ‘bridge1  to  transplant. 

The  power  requirements  for  such  devices  preclude  the  use 
of  totally  implantable  batteries  at  the  time  of  writing.  The 
main  power  source  for  the  ambulatory  devices  is  normally  an 
external  battery  pack  (lead-acid  rechargeables  in  some 
cases  )  which  is  worn  like  a  vest  or  purse  by  the  patient.  The 
power  is  transmitted  through  the  skin. 

Some,  but  not  all,  such  devices  also  contemplate  the  use 
of  an  implantable  secondary  battery  pack  as  a  backup  to  the 
external  system.  This  will  allow  the  patient  between  30  and 
60  min  each  day  for  changing  the  external  pack  and  will 
protect  against  external  battery  failure. 

Nickel /cadmium  batteries  are  typically  used  in  those 
devices  which  include  an  implantable  battery.  Current  pro¬ 
gress  in  lithium-ion  secondary  battery  technology  offers  the 
promise  of  lighter,  smaller  battery  packs  in  future  versions  of 
this  type  of  device. 

8.  External  medical  devices 

It  would  require  many  pages  to  contain  the  list  of  all  exter¬ 
nal  medical  devices  which  rely  on  battery  power.  Batteries 
allow  patients  to  be  equipped  with  portable  monitoring  or 
therapeutic  devices  while  remaining  ambulatory.  They  allow 


surgeons  to  use  electrical  tools  and  visualization  devices 
without  the  encumbrance  of  power  cords  attached  to  house 
power.  Batteries  make  it  possible  for  wheelchair  users  to 
travel  about  without  providing  manual  propulsion  of  their 
devices.  Uninterruptable  power  sources  prevent  the  loss  of 
line  power  from  causing  severe  problems  in  hospitals.  Indeed, 
it  would  be  hard  to  imagine  modern  health  care  without  the 
use  of  electrochemical  power  sources.  The  following  para¬ 
graphs  will  discuss  four  specific  examples  of  the  many  types 
of  external  devices  which  rely  on  batteries  not  only  for  their 
power  but  for  the  particular  usefulness  imparted  by  electro¬ 
chemical  power  sources. 

Holter  monitors  are  devices  which  are  worn  for  24  h  by 
patients  with  suspected  heart  problems.  They  provide  a  con¬ 
tinuous  electrocardiogram  which  is  recorded  and  analyzed  by 
cardiologists  after  the  recording  period.  The  intent  is  to  pro¬ 
vide  a  long-term  monitoring  of  the  heart  under  ‘normal1  con¬ 
ditions,  i.e.  as  the  patient  goes  through  a  typical  24  h  routine. 
The  first  such  units,  used  in  the  1950s,  were  worn  as  back¬ 
packs  and  were  heavy  and  cumbersome,  due  to  the  bulky 
electronics  and  batteries  of  that  time.  Such  a  device  would 
obviously  interfere  with  a  normal  24-h  activity  period.  Today, 
because  of  advances  in  both  batteries  and  electronics,  Holter 
monitors  are  no  larger  than  a  portable  cassette  tape  player, 
and  patients  can  wear  them  with  little  or  no  inconvenience  as 
they  go  about  their  daily  activities  [34].  Most  are  powered 
by  either  rechargeable  commercial  batteries  or  by  ‘A A’ -size 
alkaline  cells. 

Ambulatory  drug  delivery  systems  provide  those  in  need 
of  carefully  controlled  doses  of  medication  over  along  period 
of  time  with  the  ability  to  have  those  drugs  delivered  while 
they  go  about  their  daily  lives.  These  systems  can  be  worn 
on  a  belt  and  are  small  enough  not  to  be  overly  obtrusive. 
The  drug  is  administered  into  the  body  through  a  needle 
attached  to  a  tube  leading  from  the  device.  The  early  units, 
developed  in  the  1960s,  resembled  a  backpack  and  were  thus 
quite  cumbersome.  Today’s  models  are  worn  on  a  belt  and 
are  about  the  size  of  a  pager  [  35  ] .  Many  insulin-dependent 
diabetics  use  these  external  drug  delivery  systems  [36]. 
Again,  most  are  powered  by  commonly  available  commercial 
primary  or  secondary  batteries. 

External  defibrillators  have  been  used  for  many  years  to 
revive  patients  in  cardiac  arrest.  They  are  used  in  hospitals 
and  are  carried  on  many  emergency  response  vehicles  where 
trained  paramedics  can  administer  defibrillation  shocks  on 
site  as  needed.  These  units  were  in  the  past  quite  heavy  and 
bulky,  since  very  high  energy  pulses  must  be  administered 
through  the  chest  of  the  patient  to  stop  ventricular  fibrillation. 
Recent  advances  in  the  design  of  portable  external  defibril¬ 
lators  have  produced  units  with  advanced  shock-delivering 
algorithms  (designed  originally  for  implantable  defibrilla¬ 
tors)  which  have  reduced  the  total  power  required  to  achieve 
defibrillation.  Thus  the  size  and  weight  of  the  units  have  been 
dramatically  reduced  [37].  Defibrillators  normally  rely  on 
secondary  batteries  such  as  sealed  lead-acid  for  their  portable 
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power,  although  more  recent  devices  use  primary  lithium 
ceils. 

One  of  the  major  advances  in  medical  science  in  the  last 
decade  has  been  the  development  and  increased  use  of  mag¬ 
netic  resonance  imaging  as  a  visualization  tool.  Today  the 
magnetic  resonance  theater  is  used  not  only  to  create  images 
but  also  to  perform  procedures  while  the  surgeon  uses  the 
magnetic  resonance  device  for  real-time  visualization  during 
surgery.  Because  of  the  presence  of  a  strong  magnetic  field 
in  this  environment,  the  surgical  tools  must  have  a  very  low 
magnetic  signature.  Many  such  tools  are  electrically  powered, 
and  the  desire  to  have  a  cord- free  surgical  device  has  led  to 
the  development  of  battery-powered  tools  for  use  in  this 
arena.  This  in  turn  has  led  to  the  need  for  batteries  with  very 
low  magnetic  signatures.  Such  batteries  have  been  developed 
[38]  and  are  beginning  to  see  use  in  this  environment  which 
poses  very  specific,  unique  requirements. 


9.  Summary 

It  has  been  the  purpose  of  this  paper  to  present  an  overview 
of  the  contributions  which  battery  powered  devices  have 
made  to  medical  science.  From  the  first  pacemakers,  mirac¬ 
ulous  at  the  time  but  judged  crude  by  the  standards  imposed 
by  the  progress  of  science  in  the  last  thirty  years,  to  today’s 
much  smaller  and  more  powerful  devices,  the  progress  in 
medical  devices  has  mirrored  the  progress  in  battery  tech¬ 
nology,  microelectronics,  and  medical  science.  As  battery 
technology  continues  to  evolve,  the  use  of  more  advanced 
battery  systems,  e.g.  of  lithium-ion  rechargeable  cells  for  left 
ventricular  assist  devices,  will  continue  to  enable  the  devel¬ 
opment  and  use  of  smaller,  more  useful  devices.  Just  as  we 
have  seen  the  evolution  of  implantable  pacemakers  from 
devices  which  weighed  240  g,  occupied  123  cm3  of  volume, 
and  lasted  1.5  years  to  those  which  weigh  12.8  g,  occupy  5.9 
cm3  of  volume,  and  last  between  6  and  8  years  today  [39], 
the  future  will  continue  to  surprise  us  as  the  devices  in  use 
30  years  from  now  will  render  those  of  today  as  crudeiappear- 
ing  as  those  of  the  1960s  seem  to  us  now. 

Batteries  indeed  contribute  in  a  very  important  way  to  the 
maintenance  of  health  and  the  saving  of  lives.  We  can  look 
forward  with  confidence  to  even  more  exciting  applications 
of  battery-powered  medical  devices  as  scientists,  engineers, 
and  physicians  continue  to  make  progress. 
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